I. INTRODUCTION

I
ON channels, the transmembrane proteins, can be classified into three main types: voltage-gated, ligand-gated, and mechanosensitive (MS), according to their gating nature. These ion channels regulate important functions of living cells. For example, MS ion channels response to the phospholipid bilayer membrane deformation, which plays an essential role in turgor regulation and osmotic pressure balance. Malfunction of MS channels may cause disorder of many physiological processes, including touch, pain, proprioception sensation, hearing, blood pressure adjustment, and body fluid balance [1] . Furthermore, some abnormalities may contribute to cardiac arrhythmia and even worse disorders. However, studies on these mechanisms of MS channels are limited due to lack of effective instrument for studying MS channels in situ. So far, patch clamp is the most potential technology to study MS channels. Since the patch clamp was invented in 1976 by Neher and Sakmann [2] , [3] , it has been developed into an efficient technique in study of ion channels. Especially, the conventional patch-clamp technique as depicted in Fig. 1 (a) has been taken as the golden standard in electrophysiology, not only for the quality of obtained electrophysiological information of ion channels with low noise but also for the ability to explore the cell signaling within or between cells. A number of literatures have been reported on study of ion channels by patch clamping, however, few of these literatures concentrate on MS ion channels. The already known knowledge on the classification, structure, and function of MS ion channels are nearly all about those on bacteria and a few eukaryotic cells, while few reports are on mammal cells [4] . Except chemical method, the mechanism of the MS ion channel is seldom explained by direct experiments [5] . The limitations of a single conventional patch-clamp probe on the study of MS ion channels are fourfold [6] . First, the specific identification of channels in the patch can be ambiguous. Second, the type and magnitude of the mechanical stimulus produced by patch clamping is hard to quantify and may involve both tension on the membrane and pressure across the membrane. Third, the channel environment has been significantly altered because the patch formation applies a huge mechanical stress to the cortex of the cell. Fourth, multiparametric investigation is often difficult because of the limitation of the stimuli that can be applied to the cells. To avoid these problems, some researchers bring another electrically driven mechanical probe into the conventional patch-clamp configuration [7] . However, this configuration cannot apply precise mechanical stimuli due to the lack of precise measurement over the force and deformation.
By combining an atomic force microscope (AFM) and a conventional patch clamp, several studies have simultaneously investigated the electrophysiological and the mechanical properties of living cell [8] - [13] . The AFM in their systems provides an indentation force with high precision at range of a few hundred pico-newtons, and also detects a few nanometer displacement of the membrane. Thus, the combination of AFM with patch-clamp technique opens a new avenue in research of MS ion channels. However, coordinating motion between the AFM X-Y stages and the pipette X-Y stages increases the system complexity and increases the possibility of interference between the AFM tip and the pipette. Collision accidents may happen because both the AFM tip and the glass pipette move in the top space of the cell. In addition, the seal resistance during patch-clamp recording may decrease by the indenting of the AFM tip and the indentation location of the AFM tip may be changed due to the vibration of the glass pipette. The interference between electrophysiology and AFM indentation is unavoidable in this combination, thus a new system configuration is needed to solve the interference problem.
Recently, a concept of planar patch-clamp technique shown in Fig. 1(b) was introduced [14] - [16] . Instead of using a glass micropipette to clamp the top side of the cell in conventional patch clamp, the planar patch clamp uses a planar chip with a 1-3 μm size open hole in the center to perform whole-cell recording from the bottom of the captured cell. Also, contrary to the conventional patch clamping, in which the micropipette is manually moved to find a cell and then manually perform cell clamping by a skillful technician, the planar patch clamp uses a negative pressure generated by a controllable pump to guide a suspended cell onto the hole and then automatically perform cell clamping under computer program. There is no movement part of the planar patch clamp. Thus, the planar patch clamp is more efficient and much easier to operate than conventional patch clamp. Besides, the planar patch clamp can perform whole-cell recording from the bottom side of the living cell thus the possible collision accidents as with the conventional configuration can be avoided. All these merits make the planar patch clamp more suitable for combining with the AFM system.
Recently, two research works have been reported on the integration of planar patch clamp with AFM, one with a custom designed AFM [17] and the other one with a commercial AFM [18] . These setups perform current recording from the bottom side of the cell, while provides a mechanical stimulus from the top side of the cell by the AFM tip with no space constrain as seen in the conventional combination. Even though these systems have been proven effective in applying mechanical stimuli to cells, the stimuli are limited by the conventional AFM, which lacks human-computer interfaces and automated precise control systems. In addition, the planar patch clamp in their system has not demonstrated exchanging intracellular solution function yet, which has great significance to drug screening for pharmacology.
To overcome the inconvenience caused by the conventional AFM, we developed a mechanostimulated patch-clamp system (see Fig. 2 ) through integrating a custom-designed planar patchclamp with a robot-assisted AFM on an inverted fluorescence microscope. In this system, we can achieve versatile operations by integrating a few robotic technologies such as visual perception, haptic rendering, and force feedback control with a commercial AFM. In addition, we designed a microfluidic channel into the custom designed planar patch clamp to exchange intracellular solution. In summary, the mechanostimulated patchclamp system can achieve automatic patching, exchanging intracellular solution, nano-scale manipulation, accurate positioning, diversified stimuli, friendly human-machine interaction, and simultaneous signal recording. Since operators can obtain electrical, mechanical and fluorescent signals simultaneously from the mechanostimulated patch-clamp system, it can be a powerful tool in study of MS ion channels, which requires versatile stimuli under precise control.
This paper reports the details on how to develop the mechanostimulated patch-clamp system. The rest of the paper is organized as follows: The integration of the mechanostimulated patch-clamp system is presented in Section II, which includes the fabrication of the planar patch clamp (chip and chamber fabrication), the development of the robot-assisted AFM platform, the system integration. The verification of the mechanostimulated patch-clamp system is provided in Section III, which presents three experimental studies. The first study is on the voltage-gated ion channel Kv1.1 expressed on HEK293 cells. The second study is on MS ion channels expressed on Neuro2 A cells. Then, the verification of realizing exchanging intracellular solution experiment follows. Discussions on the potential application of the system are presented in Section IV. The paper is finally concluded in Section V.
II. SYSTEM DEVELOPMENT
As shown in Fig. 2 , the mechanostimulated patch-clamp system consists of three major modules: the planar patch clamp, the inverted microscope, and the robot-assisted AFM platform. In this section, we will describe the details on how these modules are developed and then finally integrated.
A. Development of Planar Patch-Clamp Module
The planar patch-clamp module is composed of a planar chip, a chamber (negative pressure provider), a patch-clamp amplifier, a data acquisition card (DAQ) and a control and acquisition software (see Section II-D). Most components are custom designed except the amplifier (EPC 800 USB from HEKA Elektronik in Germany) and the DAQ (PCI-6154 from National Instrument, USA). The schematic of the planar patch clamp module designed by three-dimensional (3-D) designing software (SolidWorks2009) is shown in Fig. 3 . It has six main components: (a) chip fixer, (b) planar chip, (c) chip support, (d) electrode cavity seal part, (e) seal cover glass, and (f) the main support.
1) Planar Chip Fabrication:
The planar chip is a circular and thin planar board that has a round micrometer aperture about 1-3 μm in the center. The performance of a planar chip is highly dependent on the material used. Quartz and glass [14] , [19] have excellent insulation, hydrophilic, and mechanical properties over the silicon material [15] , [16] , [20] - [23] , thus are more suitable for fabrication.
In this paper, the planar chip in Fig. 3 (b) is modified from a commercialized product NPC-1 (Nanion Technologies) which has a quartz planar chip with a 1-3 μm aperture in the center. We remove the quartz planar chip away from the NPC-1 and attach it to a 25 mm diameter and 1-mm-thick quartz glass chip support as shown in Fig. 3(c) . The chip support has a diameter of 3 mm through hole in the center drilled with a driller (DREMEL WORKSTATION 220, UK).
2) Perfusion Chamber Fabrication: The perfusion chamber is designed to hold the planar chip, to create a cavity between the bottom of the chip and the chamber for applying a negative pressure and exchanging intracellular solutions, to leave enough space on the top of the chip that allows the AFM tip to access the micrometer hole without obstruction, and to provide a transparent optical path for the inverted microscope to observe the top side of the planar chip from the bottom side of the chamber. To ensure the chamber work seamlessly with the planar chip, there are a few requirements for the chamber material: high strength, good seal and sufficient insulation. We choose a similar design as in [18] and use polycarbonate for fabricating the chamber because of its high Young's modulus, low permittivity for low current noise, and good machinability for easy fabrication.
The perfusion chamber consists of chip fixer, electrode cavity seal part, and main support as depicted in Fig. 3 . The electrode cavity seal part is the key component of the chamber. Besides a 4 mm diameter through-hole in the center, there are some structures on both the top and the bottom sides of the cavity seal part. Also, there is a small circular groove, 25 mm in diameter and 1 mm deep, which is designed to seat the planar chip in the middle on the top side. On the bottom side of the electrode cavity seal part there is an "S" shape channel covered by a cover slip with 0.17-0.2 mm thickness (not shown), and both ends of the channel are connected to a rubber tube via a short thin glass tube. The ends of the two rubber tubes provide a negative pressure in order to exchange the intracellular solution. There is a third end from the "S" cavity to the edge of the electrode cavity seal part, which is used to bury a recording electrode. The planar chip fixer and the main support are used to hold the planar chip tightly through the threads on each of the chip. Fig. 4 shows the assembling sequence of the chamber parts and the chip. To assemble the three major parts of the perfusion chamber with the planar chip, two O-rings as shown in Fig. 4(b) and (e) are used to maintain fluidic and electrical insulation, one is between the chip fixer and the planar chip and the other is between the planar chip and the electrode cavity seal part. After the assembling, a second electrode on the top side of the planar chip is assembled to act as the extracellular ground electrode while recording whereas the one previously assembled in the negative cavity served as the intracellular recording electrode.
The design of the perfusion chamber features three advantages: first, it has a microfluidic channel that can deliver and exchange the intracellular solution; second, both the chamber and the planar chip are transparent, thus make it possible to observe cells through the inverted microscope; third, the thickness of the whole chamber is less than 7 mm, which falls into the work distance of most lens and most AFM stages, thus it can be integrated with many commercialized microscopes such as Nikon Ti-U and AFMs such as Bruker Bioscope Catalyst and Agilent SPM IL5500.
B. The Robot-Assisted AFM System
The robot-assisted AFM system is the key component for stimulating the MS ion-channels at a specific location of cell membrane under controllable patterns and magnitudes. The working principle of the robot-assisted system is shown in Fig. 5 . It consists of two main closed-loop systems, force feedback and visual feedback based on an augmented reality interface.
As for the force feedback, we use one icon of the end effector "AFM Head" in Fig. 5 to represent the AFM system that can perform AFM imaging and provide real-time interactive force. During indentation, the interaction force between the AFM probe and the object will cause a deflection of the cantilever. This deflection can be measured by the AFM system. In order to display the forces with high fidelity, a model of cantilever-tip interaction with the surface has been developed to derive the 3-D interaction forces on the tip from the AFM normal and lateral force signals [24] . In the meanwhile, user can feel the interactive force directly from a haptic device (SensAble Technologies, Woburn, MA, USA), and also operate the haptic device to generate command acting on the AFM probe. The force feedback is very important especially in cell-related research. Since cell membrane is very soft, when using AFM to stimulate the cell membrane for triggering the ion channel current, the force feedback will protect the cell membrane from penetration or damage.
Visual feedback of the robot-assisted AFM system is achieved through the combination of a previously captured image and local scan corrections. The previously captured image provides a global background in the visual feedback. The behavior model can predict the changes of the nano-environment into a certain extent, based on which a "videolized" visual feedback can be provided during operation [25] . To avoid faulty visual display caused by modeling errors, a local scan technology has been integrated to the current AFM system [26] . The key idea is that since AFM only has one sharp tip, only the topography of local area is changed during operation. It is not necessary to scan the whole image but a very small local area. Through the optimization of the scan pattern, only several lines are needed to acquire the changes of the true nano-environment. In combination with the planar patch clamp, the robot-assisted AFM system will provide an augmented reality that displays the real-time tip position and the real-time tip motion relative to the cell surface as well as the real-time deformation of the cell, thus giving the operator the real-time visual feedback during operation.
The AFM system we used here is the Bioscope Catalyst Atomic Force Microscope (Bruker AXS, USA) equipped with a scanner maximum XY scan range of 150 μm×150 μm and maximum Z scan range of 21 μm. A Signal Access Module (SAM, Bruker AXS) is connected to the controller of the catalyst; thus, most real-time signals transmitting inside the AFM system are accessible.
C. System Integration
Both the planar patch clamp and the robot-assisted AFM are set up on an inverted fluorescence microscope (Ti-U, Nikon, Japan). The inverted microscope, compatible with fluorescence studies, is used to guide the AFM tip to engage to the proximity of a cell surface. It has a charge-coupled device (CCD) camera (Nikon DIGITAL SIGHT DS-5 Mc) that helps the operator to locate the tip, judge the distance between the tip and the substrate, and find a cell on the substrate or an interesting area on the cell roughly. The CCD is connected to the computer where commercial digital image acquisition software had been installed. In addition, the critical components of system are encapsulated inside a large Faraday cage and have a common ground connecting with cables to avoid electromagnetic interferences.
The signal flow of the integrated mechanostimulated patchclamp system is shown in Fig. 6 , which includes two major feedback loops: the indentation force feedback of the AFM module and the electrical current signal feedback of the planar patch clamp. Both of the two signals are synchronized by passing the mechanical signal from the AFM controller and the electrical signal from the amplifier to the same DAQ at the same time. Also, both of them can simultaneously show on the humancomputer interface (see Fig. 7 ) in real time.
Two software interfaces are integrated in our system. One software is adapted from the one developed in our previous work for nanomanipulation [24] , [26] to control the AFM tip. We transplant this software package to the catalyst AFM system by solving some compatibility problems and add a few new functions. The newly transplanted software interface is shown in Fig. 7 . It can realize many kinds of operations and can monitor the ion current signal changes caused by stimulation from the AFM probe. Another software interface, developed in our lab, is a control and acquisition software for planar patch-clamp electrophysiology (not shown here, similar to commercialized ones). The control and acquisition software includes three modes: seal test, episodic stimulation and mechano-stimuli. The seal test mode can detect the resistance of the chip in real time. When the cell is sucked to the hole, the resistance will rise to hundreds of megohm or even gigaohm. In the episodic stimulation mode user can edit the voltage protocol that pulses on the cell, and then obtain the generated current. In the mechano stimuli mode, users can obtain the current signal and mechanical stimuli signal together under different voltage protocols. All the data acquired is saved into a ".ABF" format compatible to Axon Instrument's analysis software "Clampfit," which is free to users, thus our file can be read and further analyzed by the free software Clampfit directly.
Through this integrated system, the operator can apply either mechanical or electrical or both stimuli to the cell with controllable patterns and styles. At the same time, the operator is able to observe these stimuli in real time and monitor the response of the cell such as deformation and whole cell current in real time.
III. VERIFICATION OF SYSTEM FUNCTIONS
After the system integration, the mechanostimulated patchclamp system is ready to perform electrophysiological study of cells. We designed three experiments to verify the effectiveness of the system. First, we tested the planar patch clamp by performing whole-cell recording on HEK293 cell that overexpresses Kv1.1 potassium ion channel. Then, we test the whole system on Neuro2 A cell, which has recently been known expressing some MS ion channels (Piezo1 and Piezo2). Finally, we verified the ability of the system to exchange intracellular solution.
A. Electrophysiology Preparation and Protocol
In order to mimic the physiological environment of cells in vitro, two solutions (the intracellular solution and extracellular solution) with different ions and concentrations were prepared to mimic the solution inside and outside of cells, respectively. The intracellular solution (in the perfusion chamber of the planar chip) is composed of 75 mM KCl, 10 mM NaCl, 70 mM KF·2H 2 O, 2 mM MgCl 2 , 10 mM EGTA (ethylene glycol tetraacetic acid), and 10 mM HEPES (4-(2-hydroxyethyl)-1-piperazineëthanesulfonic acid), the extracellular solution (on the top side of the planar chip) is composed of 160 mM NaCl, 4.5 mM KCl, 2 mM CaCl 2 , 1 mM MgCl 2 , 10 mM HEPES, and 5 mM Glucose. The two solutions provide an appropriate osmotic pressure and pH environment that can keep the cell vital for a relative long time. Both intracellular and extracellular solutions are filtered by a 0.22 μm filter. The data are sampled at 10 kHz and processed with a low pass filter at 1 kHz.
Before starting the experiment, necessary preparations are performed. First, wash the microfluidic channel in the electrode cavity seal part of the chamber with deionized water by injecting deionized water from each end of the rubber tube with syringe, then washed water will come out from the center hole. Suck the washed water away with another syringe. Use the same method to inject intracellular solution to the channel. After that, lay the chamber to the holder of the baseplate of the AFM module. Then, add 5 μL of extracellular solution to the top of the glass chip, at the same time, connect the external electrode (ground electrode) to the extracellular solution. Subsequently, the chip resistance and the current offset show up on the control and acquisition software interface. The planar chips with an aperture of 2.5 ± 0.5 μm usually results in an open chip resistance about 2-3 MΩ. A slight suction about -10 mbar pressure is applied to the chip and the zero offset is adjusted. After adding the cell suspension (about 5 μL) with the concentration about 10 6 cells/mL, one cell can be captured by the hole on the planar chip, which increases the seal resistance to about 10 MΩ. To achieve a gigaohm seal and form a whole-cell recording, a short suction pulse is applied. Then, the floating cells were gently washed away with extracellular solution or just leave there.
B. Measurement of Voltage-Gated Ion Current of HEK293
In order to test the performance of the planar patch-clamp system, we studied the whole-cell current of HEK293 cell that over expresses voltage-gated potassium ion channels Kv1.1. The HEK293 cells are cultured in Dulbecco's modified Eagle's medium (DMEM, Thermo Scientific) with 10% fetal bovine serum (ExCell Bio) and 1% penicillin-streptomycin (Thermo Scientific) solution at 37
• C with 5% ambient CO 2 in a 75 mm culture flask. In order to make the potassium channel stably express, three additional antibiotics, zeocin (Invitrogen), blastcidin (Invitrogen) and puromycin (Invitrogen) with concentrations of 100, 15, and 2 μg/mL, respectively, are added in the DMEM.
The experiment is carried out following the previous protocol as described in Section III-A. The K-channel currents [see Fig. 8(a) ] are obtained using 600 ms voltage steps from a holding potential of -80 to -90 mV up to +80 mV (10 mV increments, sweep interval 2 s) followed by a step back to the holding potential shown in Fig. 8(c) . This result is consistent with other studies [27] , [28] , which proves the effectiveness of our custom-designed planar patch clamp. Additionally, in order to prove the measured current is the potassium current, we apply the tetraethylammonium chloride (TEA, Sigma Aldrich) to block the Kv1.1 ion channel [29] . Fig. 8(b) is the recording after adding 10 mM TEA to the extracellular solution and we can see most of the current has been blocked compared to Fig. 8(a) . The time interval between the two recordings of Fig. 8(a) and (b) is about 30 s. We repeated this experiment on several cells and obtained nearly the same results.
C. Current Response of Neuro2 A to Mechanical Stimuli
In this experiment, we tested the performance of the whole mechanostimulated patch-clamp system, i.e., we used the planar patch-clamp module to perform whole-cell recording and then engaged the AFM probe to cell surface to apply a few controlled mechanical stimuli. The AFM probes used in this experiment is MLCT AFM cantilever tips (Bruker AXS), which is pyramid-shaped, made of nonconductive silicon nitride, back- side gold-coated, with spring constant 10-100 pN/nm. During performing the patch-clamp recording, the AFM tip is engaged onto the surface of cell, and then several kinds of manipulation or mechanical stimuli are provided. Meanwhile, we immediately obtain the current signal triggered by the relevant mechanical stimuli.
Neuro2 A cell, a type of neuroblastoma that has been known to express a few MS ion channels [30] , [31] , is used in the experiment. The Neuro2 A cells are cultured in MEM media (Solarbio) with 10% fetal bovine serum and 0.5% penicillinstreptomycin. Before the measurements, cells were washed with 0.05% trypsin-EDTA (Solarbio) and resuspended to a concentration 10 6 cells/mL with the extracellular solution. To avoid cell clustering, cells are split every 2-3 days and kept under a confluence of 60%-80%.
Before the testing, several preparation steps are carried out. First, set the planar patch-clamp module well on the XY stage and ensure the open resistance of the planar chip is around 2-3 MΩ. During this step, make sure the hole on the chip can be seen clearly in the center of the viewing field of the inverted microscope. Second, put the AFM head on the XY stage right up the planar chip. Make sure the AFM tip is close to the hole through the eye lens. Third, perform the whole-cell recording by injecting a few suspension cells to the gap between the planar chip and the AFM tip holder. Last, engage the AFM tip down to the top of the capturing cell through the CCD camera. We first test the current response of Neuro2 A cell under large deformation by applying a large pressing force (see Fig. 9 ). Clearly, this result is a "typical" current response of Neuro2 A cell similar to that reported in the literature [32] . There is no apparent response latency observed.
To test the current response of Neuro2 A cell under small deformation, we design the following stimuli generated by the AFM tip: Hold the AFM tip in the extracellular solution for 10 s and then move down about 1-2 μm onto the capturing cell with a bended deformation of the cantilever about 0.3-0.5 V. After that, hold the tip on the cell for 2 s and then move back to original position. Repeat this process in the same place and observe the relevant cell current [see Fig 10(a) ]. At the beginning, there is no response current when the AFM tip does nothing but hang above the cell and the detected current (upper red line) is just a straight line. After applying the stimuli (middle black line), the response current shows up but with a latency about 1500 ms. Since we can monitor the total Z-direction move distance of the AFM tip holder, the cell deformation can be calculated by subtracting the AFM tip deflection from the total Z-direction move distance (bottom blue line). To verify whether the observed current response is the MS current, we add the channel inhibitor (current blocker), GdCl3 (Sigma) to the extracellular solution at a final concentration of 100 μM, and then we repeat the stimuli again. After adding GdCl3, no current response is observed under stimuli as depicted in Fig. 10(b) . The long response latency under small stimuli in Fig. 10(a) is unexpected. Unfortunately, we are unable to explain such different behaviors of Neuro2 A cells under different stimuli. A reasonable guess would be there are at least two kinds of MS ion channels on Neuro2 A cells. One is stretch-activated ion channel that responses to large mechanical stimuli; the other one response to small mechanical stimuli but involves a second messenger mechanism instead of direct gating. However, this hypothesis has to be validated by further experiments in future studies. 
D. Exchange Intracellular Solution
One key feature of the mechanostimulated patch-clamp system is its ability to exchange intracellular solution, which have significant potential in study of ion channels. To verify this function, we designed a simple experiment as follows. After performing whole-cell recording the intracellular solution was exchanged by propidium iodide (PI, Sigma Aldrich) solution (0.05 mg/mL concentration prepared with intracellular solution) through the microfluidic channel in the chamber. The PI solution is a dye mainly used in the detection of the integrity of the cell membrane. When PI enters the cell it binds to DNA. When the cell is exposed to 535 nm using a metal halide lamp the cell will emit fluorescent light at 617 nm (i.e., red) using a TRITC filter (Nikon). Fig. 11(a) shows the setup clean planar chip with no living cell, while Fig. 11(b) shows the process of performing whole-cell recording. After Fig. 11(b) process, there left a 1-3 μm aperture on the bottom side of the captured cell broke by a negative pressure, this break destroys the integrity of the cell membrane that PI solution can enter the cell during exchanging the intracellular solution shown as in Fig. 11(c) . About 15 min later wash PI solution away with intracellular solution through the microfluidic channel. Only the captured cell turns red under the green fluorescence as shown in Fig. 11(d) , which is clear evidence that the intracellular solution can be successfully exchanged. This experiment verifies the ability of the designed system to exchange intracellular solution during patch-clamp recording.
IV. DISCUSSION
In summary, we have developed a mechanostimulated patchclamp system by integrating a custom-designed planar patchclamp system with a robot-assisted AFM system and an inverted fluoresce microscope. Using this system, we can simultaneously apply controllable external stimuli and acquire cellular physiological information. The uniqueness of the integrated system is summarized as follows.
1) Robotic technologies such as visual perception, haptic rendering, and force feedback control have been implemented into the AFM that allow us to precisely apply the desired stimuli and also observe the response in real time through augmented reality interface. 2) The integrated system can simultaneously record the patch-clamping currents and acquires the mechanical signals, at the same time monitor these information through augmented reality interface in real time. 3) Intercellular solution can be exchanged by the planar patch clamp module with a programmable negative pressure supplier and a micro fluidic channel. Such function has great potential for drug-related studies. 4) The planar chamber can be integrated with many commercialized AFMs such as Bruker Bioscope Catalyst and Agilent SPM IL5500. MS ion channels have intimate connection with many physiological phenomena, such as cardiac and muscle contraction, touch, sense, and hearing. Malfunction of these ion channels may cause serious diseases. However, study on MS channels, especially in mammal cell, is still limited. The mechanostimulated patch-clamp system can be used to investigate the gating mechanism of many MS channels. It enables measurement of two parameters simultaneously: the electrophysiological responses and the mechanical properties of the cell responding to a stimulus. This platform is ideally suitable for research on the electrophysiological and mechanical characteristic of a single cell that expresses MS ion channels, for example, MS ion channel TRPV4 on human keratinocytes (HaCaT), Piezo1 and Piezo2 on Neuro2 A cells, and KCNQ1 or KCNQ4 on human inner ear cells. This platform will be a versatile tool to investigate the gating mechanism of these channels that are still illusive today. For example, we can perform the following unique experiments that are only possible by this system. 1) While the planar chip performing a whole-cell recording, the AFM tip indents on the cell by matrix with a certain controllable force. So, we can obtain a current map of the top surface of the cell. Such information can be used to find whether the MS ion channels are working as a cluster or not. 2) Since the AFM tip can vibrate in a range of 1-500 kHz, we can apply vibrational mechanic stimuli directly on the living cell. This experiment could be used to explore the cause of deafness from an electrophysiology view combing with frequency mechanical stimuli. 3) We can use bead attached cantilever to apply stimuli to the cells. From this experiment, we can explore the relationship between the outcome currents and the radius curvature of the beads, thus exploring where the gating of the MS channels depends on the membrane curvature. 4) With the capability of molecular recognition by AFM, whether the targeted MS channels are responsible for the MS current can be directly verified by mapping these ion channels on cell membrane, which is not possible by traditional approach. With these unique capabilities, specific problems could be solved by our system. Here, we take hearing as an example. The cilia of hair cells within the cochlea bends when it is stimulated by mechanical stimulation; this bending further activates the mechanical-gated ion channels to transmit electrical impulses to the auditory center, then the brain receives electrical impulses to form "voice" information. In recent years, transient receptor potential ankyrin 1 channel (TRPA1) is considered to be an important protein component of auditory conduction channel; however, their function as well as mechanical stimulation of the interaction is unclear [33] , [34] . To address these issues, methods like water pressure [35] , [36] or glass fibers [35] - [37] are used to record and stimulate the ion channel current changes in the neurons. However, quantitative research is limited by the lack of suitable instruments. With our developed system, we expect to map TRPA1 channels through molecular recognition, to verify whether TRPA1 channels are responsible for the MS current, to measure their response latency, adaptation, and threshold, to investigate their gating mechanism, etc.
V. CONCLUSION
In this paper, we have reported the development of a mechanostimulated patch-clamp system. Our contributions in this paper are threefold: First, we developed a planar clamp module that enables exchanging the intracellular solution by the microfluidic assembly. Second, we integrated this planar clamp module with robot-assisted AFM for simultaneous recording of external stimuli and acquisition of cellular physiological information. Third, we verified the functionality of the system by performing experimental studies on both voltage-gated ion channels and MS ion channels. The potential applications of our developed system could be far beyond our imagination. Many studies will be possible using this fully integrated system and we envision long ranging studies by our group and others after this technology has been developed.
